The effect of strain path in high-pressure torsion (HPT) process on hardening was investigated in commercial purity titanium (Ti-0.03Fe-0.03O, mass%). After monotonic HPT (mHPT) straining up to N ¼ 10 turns at a rotation speed of 0.2 rpm under a pressure of P ¼ 5 GPa, the obtained Vickers microhardness, Hv, was around 3.5 GPa and the microstructure consisted of equiaxed grains of 100 $ 200 nm with high dislocation density. This Hv value was hardly increased even with further strain and strain gradient (further rotation). To investigate the effect of strain path, cyclic (cHPT) and two-steps HPT (2sHPT) processes were carried out. The cHPT-straining performed by repetitive deformation of N ¼ 1=2. In comparison with the mHPT process, the Hv was attained rapidly to the saturated value (Hv 3.5 GPa). However, the maximum Hv value was similar to that obtained by mHPT-straining. In the 2sHPT process, first the disk of 20 mm in diameter was deformed by HPTstraining. Secondly, the disk of 10 mm was cut to contact with the circumference of the deformed disk, and then it was deformed. A higher hardness (Hv 3.8 GPa) was obtained than that by monotonic or cyclic HPT-straining. These results indicate that multi-directional deformations (deformations with different strain paths) contribute to the hardening improvement.
Introduction
Severe plastic deformation (SPD) techniques, such as high-pressure torsion (HPT), 1) equal-channel angular pressing (ECAP) 1, 2) and accumulative roll bonding (ARB), 3) have been applied widely to prepare bulk submicrometer-grained (SMG) materials in order to improve mechanical properties. SMG titanium processed by SPD has gained wide interest due to its excellent mechanical properties [4] [5] [6] [7] [8] and potential applications as biomedical implants. 9) Among the SPD techniques, HPT straining is one of the powerful techniques to refine grains by introducing large plastic strain and strain gradient. [10] [11] [12] Sevillano explained that geometrically necessary (GN) dislocations generated by non-homogeneous deformation with strain gradient contribute to the formation of ultrafine-grained (UFG) structure and to extra strengthening. 10) We reported that the hardness of UFG iron produced by HPT-straining is twice higher than by ECAP 13) and ARB 14) which are homogeneous deformations with large amounts of strain (equivalent strain, " eq > 5).
12)
However, it is difficult for even HPT-straining to create nanometer-grained (NG) structure which is obtained by ballmilling (BM) [15] [16] [17] [18] and shot-peening (SP). 11, 19) Thus, to form NG structure, it seems to be necessary not only large strain and strain gradient but also other deformation factors. From comparison of the deformation conditions in HPT, BM and SP, multi-directional deformation (repetitive deformation with different strain paths) is suggested as the other factor to facilitate grain refinement. 20, 21) In fact, it is well-known that the strain paths in ECAP process significantly affect grain refinement and mechanical properties, 1, 2, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] but there are few reports of such investigation in HPT process. 33) The present study aims to investigate the effect of strain path in HPT process on hardening in commercial purity titanium (CP-Ti).
Experimental Procedures
A commercially pure Ti containing impurities including 0.03 Fe, 0.03 O, 0.01 N, 0.01 C, 0.0025 H in mass% was used. For comparison, a low carbon steel Fe-0.03C (0.031 C, 0.052 Si, 0.054 Mn, < 0:002 P, 0.0017 S) was also used. The materials were annealed at 800 C for CP-Ti and 1000 C for Fe-0.03C for 3.6 ks in pure Ar atmosphere. The Vickers microhardness, Hv, of the annealed CP-Ti and Fe-0.03C were 1.1 and 0.9 GPa, respectively. These materials were then cut into disks of 10 mm or 20 mm in diameter Â t 0.85 mm in thickness for HPT-straining.
The influence of strain path was verified by three types of HPT-straining: monotonic (mHPT), cyclic (cHPT) and two-steps (2sHPT) processes. The mHPT process has been described in detail elsewhere. 34) The mHPT and cHPT processes were carried out using anvils with a depression of l 0.25 mm in depth and 10 mm in diameter. The disk of 10 mm was held between the two anvils and was torsionstrained at a rotation speed, R, of 0.2 rpm under a pressure, P, of 5 GPa at room temperature, RT. (Here, the temperature at the region of anvil around 1 mm away from the surface of disk center was saturated at around 30 C.) The cHPTstraining performed by repetitive torsional deformation of N ¼ 1=2 turns, is shown in Fig. 1(a) . The 2sHPT-straining (R ¼ 0:2 rpm, RT) was conducted as follows ( Fig. 1(b) ): first the disk of 20 mm was twisted in a clockwise direction under P ¼ 1:25 GPa using anvils with a depression of l 0:25 mm Â 20 mm. In the second step, the disk of 10 mm was cut to contact the circumference of the deformed disk, and then it was twisted in counterclockwise (route I, Fig. 1(b) ) or clockwise (route II, Fig. 1(b) ) directions under P ¼ 5 GPa using anvils with a depression of l 0:15 mm Â 10 mm.
The HPT-processed disks were characterized by Vickers microhardness tester (SHIMADZU HMV-1ADW, 4.9 N, 10 s) and transmission electron microscope (TEM, HITACHI H-800, 200 kV). The regions about 3.2 mm away from the disk center were observed from the direction parallel to torsion axis by TEM. The TEM samples were prepared by jet-electropolishing at À20
C with electrolyte solution of HClO 4 : CH 3 (CH 2 ) 2 CH 2 OH : CH 3 OH ¼ 1 : 7 : 20. Figure 2 shows the radial distributions of Hv in the disks processed by mHPT. The Hv of disk compressed at P ¼ 5 GPa in the HPT anvils without torsional deformation was 1.3 GPa. For smaller number of turns (N 3 (" eq 91 at r ¼ 5 mm)), the Hv increased linearly with distance from the disk center, since shear strain, , and equivalent strain, " eq , are proportional to the distance, r, according to the following equations:
Results and Discussions

Monotonic HPT (mHPT) experiment
where N is number of turns and t is disk thickness during torsional deformation (around 0.6 mm). However, for N > 3, the distribution of Hv became homogeneous in the whole disk. The Hv near the disk center region increased with the number of turns due to the increase in strain and strain gradient. 11, 12) Meanwhile, the increasing rate of Hv near the disk periphery decreased. Finally, the Hv in the whole disk (r > 0:5 mm) showed the approximate value of 3.5 GPa, and the Hv hardly increased with further HPT turns (N > 10). This obtained Hv value (3.5 GPa) is much higher than those by ECAP 7, 8, [28] [29] [30] [31] [32] and ARB 35) processes. This seems to be because HPT-straining can deform titanium at low temperature with large amount of strain and strain gradient.
34) The microstructures after N ¼ 1=2 and 10 are shown in Fig. 3 and Fig. 4 . In the disk subjected to N ¼ 1=2, subgrain microstructure with high dislocation density was observed (Fig. 3) . The selected-area electron diffraction (SAED) pattern shows elongated and clustered diffraction spots, which suggests that this microstructure consists of low-angle sub-boundaries. Also, the disk processed after N ¼ 10 in which the Hv value saturated, Fig. 4 . The diffraction spots arranged in semicontinuous circles exhibit that this SMG structure is of large misorientations. Moreover, the spots have azimuth spreading that supports the existence of lattice distortions associated with large internal stresses. This is consistent with the dark filed (DF) image where bright regions in grains are non-uniform due to the significant distortions. In addition, the careful inspection of DF image shows a tendency for the grains to align in the shear direction of HPT-straining. Figure 5 shows the microstructure after mHPT for N ¼ 5 and subsequent annealing at 100 and 150 C for 3.6 ks (T a =T m ¼ 0:19 and 0.22, where T a and T m are annealing and melting temperatures). Discontinuous recrystallized grains 36) can be seen despite the quite low T a =T m , which is because SMG structure generated by mHPT-straining stores high density lattice defects. The Hv hardly changed after annealing at 100 C, while at 150 C the Hv decreased to 2.0 GPa. The mechanical properties and thermal stability of CP-Ti (99.53%Ti) processed by mHPT under P ¼ 5 GPa at RT were reported by Popov et al. 37) Although the microstructure was similar to ours, the microhardness of their as-deformed disk was 2.8 GPa. In addition, the Hv started to decrease at the annealing temperature of 300 C and became around 2 GPa at 500 C. Moreover, there was no discussion about discontinuous recrystallization, though the structural recovery by annealing was shown in TEM micrographs. These differences may be caused by the experimental conditions: rotation speed, 34) number of turns, impurities, anvil shape 38, 39) and so on. Figure 6 shows the Hv distribution change after cHPT process. The Hv increased more rapidly by cHPT-straining than by mHPT-straining. The Hv distribution after cHPTstraining for N ¼ 1 is exactly similar to that after mHPTstraining for N ¼ 5. This is because the formation of equiaxed grains with high-angle boundary is facilitated by reversed torsional deformation. As shown in Fig. 7(a)-(c) , the microstructure with elongated (marked as circle b) and quasiequiaxed (circle c) subgrains can be seen after mHPTstraining for N ¼ 1. The correspondent SAED patterns exhibit that these subgrains have small misorientations. On the other hand, after cHPT-straining for N ¼ 1 (Fig. 7(d) -(e)), equiaxed grains (circle e) with high-angle boundary and lamellar substructure (circle f ) were observed. Since the thickness of elongated subgrains and the diameter of quasiequiaxed subgrains are similar in size, the equiaxed (sub)-grains seem to form as the result of subdivision of elongated subgrains.
Cyclic HPT (cHPT) experiment
As comparison of the hardening behavior in CP-Ti by cHPT-straining, the Hv in Fe-0.03C after mHPT and cHPT processes at R ¼ 5 rpm were measured. In Fig. 8 
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difference of hardening behavior between CP-Ti and Fe-0.03C is clear: the maximum Hv value of Fe-0.03C disk after cHPT process was quite smaller than that after mHPT process. This result is in agreement with the previous investigation of the pearlitic rail steel by cHPT-straining under P ¼ 6:5 GPa at R ¼ 0:2 rpm. 33) The reason about this different hardening behavior is discussed at section 4.
Two-steps HPT (2sHPT) experiment
After the first step in 2sHPT process in which the disk of 20 mm was torsion-strained under P ¼ 1:25 GPa for N ¼ 10, the Hv reached around 2.5 GPa in the whole disk. This value is smaller than that after mHPT-straining under P ¼ 5 GPa for N ¼ 10 (Fig. 2) . It is well-known that the applied pressure reduces diffusion rate and consequently delays the recovery kinetics; higher applied pressure facilitates grain refinement and hardening. Some similar experimental results were reported in the previous HPT studies. [40] [41] [42] [43] [44] Figure 9 shows the Hv distribution after the second step with route I under P ¼ 5 GPa. The maximum Hv value attained is around 3.8 GPa which can not be obtained by mHPT or cHPT processes and the Hv distribution was almost homogeneous between 3.5 and 3.8 GPa in the region of r > 1 mm. This increase of maximum Hv was also observed in Fe-3.3 mass% Si. 45) In this study, the anvils with a depression of 0.15 mm depth were used in the second step. Since the saturated Hv values after mHPT-straining with the anvils of 0.25 or 0.15 mm depth were same (Hv 3.5 GPa) under the HPT condition with 5 GPa, 0.2 rpm, RT, the increase of Hv by 2sHPT-straining does not seem to be the effect of the anvil shape (strain amount). These results suggest that hardening is improved by applied deformation with different strain paths, i.e. with different torsion axes in HPT process. This maximum Hv value (3.8 GPa) after 2sHPT process is much higher than those measured for other processes with different strain paths, e.g. ECAP with route B A or B C , 7, 8, [28] [29] [30] [31] [32] and ECAP + other deformation process (rolling, extrusion or HPT). 29, 30, 32) However, as shown in Fig. 10 , after the second step with route II such high Hv of 3.8 GPa value was obtained only at the local area marked as C 0 . The total " eq in this area was smaller, but the Hv achieved the maximum value since the deformation path nearly corresponds to that in cHPTstraining. Therefore, the Hv in this area increased rapidly. From the hardening behaviors of mHPT and cHPT processes Effect of Strain Path in High-Pressure Torsion Process on Hardening in Commercial Purity Titanium 51 (Fig. 2, Fig. 6 ), the Hv in the other areas probably increases to 3.8 GPa with additional straining in the second step.
Discussions
In the CP-Ti, cHPT-straining was effective for the increase of hardening rate in comparison with mHPT-straining. In addition, it is important to note that the effect of monotonic and cyclic deformations on hardening is different for kind of materials: the maximum Hv values in the CP-Ti after cHPT and mHPT processes are same, but in the Fe-0.03C the value by mHPT-straining could not be obtained by cHPT-straining.
In the previous ECAP experiments, 1, 2, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] the influences of strain path on grain refinement and on mechanical properties were investigated in various materials. The monotonic and cyclic deformations in HPT process correspond to routes A and C in ECAP process, 23) and also ECAP routes to deform with different strain path, like 2sHPT process, are routes B A , B C , etc.
23)
The obtained hardness and/or strength in aluminum (aluminum alloy) 24, 25) and iron (low carbon steel) 26) by ECAP strongly depended on the routes A and C; meanwhile, in copper 27) and titanium 28) they were not so. These reports are consistent to our results in the present HPT experiments. The reason why the hardening behaviors depend on the type of materials is as follows. Here, it is assumed that the same number of dislocations is generated by deformation with the same strain amount. When the deformation is reversed, some of the piled-up dislocations at grain boundary and/or the tangle dislocations which formed cell structure probably become movable again and annihilate (recovery) at the generation source of dislocations. In aluminum and iron with high stacking fault energy (SFE), the annihilation of dislocations (recovery and/or continuous recrystallization 36) ) occurs easily during reversed deformation. However, the annihilation process is difficult to occur in copper having low SFE due to the expansion of dislocation. Hence, the dislocation density increases even during reversed deformation. In the case of copper, the energy of high density lattice defects generated by deformation is released by discontinuous recrystallization 36) mainly. In the intensely deformed copper, the discontinuously recrystallized grains were often observed. 46) Because such recrystallized grains was observed in the HPT processed CP-Ti as shown in Fig. 5 , the annihilation of dislocations may be difficult to occur in titanium. Hence, in titanium or copper, since the same number of dislocations may be stored after monotonic or cyclic deformations with the same total strain, the similar Hv values obtained with analogous microstructure change. While, the above results indicate that in materials in which recovery process easily occur the maximum hardness (strength) value obtained by monotonic deformation may be not achieved by cyclic deformation. Additionally, the reason of the higher hardening rate of CP-Ti in cHPT process than mHPT process is that the subdivision of the elongated (sub)grains formed by monotonic deformation is facilitated by reversed torsional deformation, as shown in Fig. 7 . During reversed deformation the different slip system(s) presumably work(s) due to the limited slip system of close-packed hexagonal lattice (hcp) crystal structure.
By the deformations with different strain paths, i.e. 2sHPT-straining, 45) ECAP with route B A or B C , 25, 27) the processes combined different deformation processes 29, 30, 32) and so on, the hardness (strength) which can not obtained by monotonic and cyclic deformations attains without depending on materials. This reason seems that (i) the large amount of strain can be given without the annihilation of dislocations like cyclic deformation, (ii) the different slip system(s) can be effectively worked and (iii) the formation of equiaxed grains with high-angle boundary can be facilitated by breaking and/ or subdividing the aligned and/or elongated (sub)grains like Fig. 4 .
From the comparison with the hardening behaviors of 2sHPT (Figs. 9, 10) , mHPT (Fig. 2) and cHPT (Fig. 6 ) processes, it is indicated that there is the most effective deformation path on hardening (strengthening). To clarify the effective deformation paths, further research with microstructural analysis is needed.
Conclusions
In the present study, the effect of strain path on hardening during HPT-straining was investigated in CP-Ti. The main results are as follows:
(1) The equiaxed grains of 100 $ 200 nm with high dislocation density are formed by mHPT-straining at R ¼ 0:2 rpm under P ¼ 5 GPa, in which the Hv was 3.5 GPa. (2) The maximum Hv values after mHPT or cHPT processes were same, and the hardening rate in cHPT process was higher than that in mHPT process. These hardening behaviors seem to change by the kind of materials with difference of SFE and/or the number of slip systems. (3) By 2sHPT-straining, the Hv (3.8 GPa) which could not obtained by mHPT and cHPT was attained. Deformations with different strain paths contribute to hardening improvement.
